Abstract: Surface plasmon polaritons (SPPs) are surface modes existing at the interface between a metal and a dielectric material. Designer SPPs with a customer-defined property can be supported on the surface of suitably engineered metallic structures. They are important for various applications, ranging from chemical sensing to super-resolution imaging. In conventional systems, SPPs are transverse magnetic (TM) polarized, because of their origin in the collective electron oscillation along the surface. In this work, we show that both transverse electric (TE) and TM designer surface plasmons can be supported at the interface between a suitably designed bianisotropic metamaterial and a normal dielectric material without involving either negative permittivity or negative permeability. We further propose a realistic bianisotropic metamaterial for implementation of the double surface modes. The bianisotropic metamaterial demonstrated here may have tremendous applications in optical information processing and integrated photonic devices.
Introduction
Surface plasmon polariton (SPP) supported at the interface between a metal and a dielectric material has attracted enormous interest due to its wide applications including super-resolution imaging [1] [2] [3] [4] [5] , cloaks [6] [7] [8] [9] , holography [10] [11] [12] [13] [14] [15] , etc. The intensity of SPP reaches a maximum right at the interface, and it decays into both the metal and the dielectric on both sides of the interface. Traditionally, it was believed that SPPs exist only at optical frequencies where the electromagnetic wave has non-negligible penetration into the metal. At lower frequencies such as microwave frequencies, most metals function as nearly perfect electric conductors and, therefore the SPP appears more like a half-space plane wave, having negligible penetration into the metal and almost no decay on the dielectric side. In 2004, Pendry proposed that structured metals can support a designer (spoof) plasmon at the interface, with the effective plasma frequency controlled by the geometry [16] . This work expands the study of SPPs from optical frequencies to the terahertz [17] [18] [19] and microwave regimes [1, 7, 20] . It is well known that the SPP is a transverse magnetic (TM) wave, with its magnetic field parallel to the interface, while the electric field has both components perpendicular to the interface and along the propagation direction. Interestingly, due to the transverse nature of the electromagnetic wave, the electric field of the SPP exhibits an interesting spin texture [21, 22] , with the spin defined by × =
2

Re
Im , Re ( ) k k S k always lying in the plane but perpendicular to the propagation direction of the SPP. This so called spin-orbit locking [23] is considered an optical analog of the quantum spin Hall effect of the electronic system, which has been extensively studied in solid-state systems.
As the SPP decays away from the interface in both the dielectric and the metal, it follows that the rotation direction of the electric field is opposite across the interface, as schematically illustrated in Figure 1A and B. Since the boundary condition dictates that the in-plane electric field is continuous across the interface, the normal components of the electric field must be opposite to each other due to the opposite spins across the interface, and therefore the dielectric constants of the two media must be opposite to each other. By applying the same argument to transverse electric (TE) polarization at the interface between two different isotropic media, the condition for the existence of the surface mode is that the magnetic permeabilities must be opposite to each other across the interface. Thus, it simply follows that both TE and TM surface plasmons can coexist at the interface of a normal dielectric material and a double negative medium (DNM) with simultaneous negative permittivity and permeability [20, 24, 25] . Despite a number of theoretical investigations into this possibility, the experimental implementation of the system [26] [27] [28] , however, has not been achieved due because of the complexity involved in realizing isotropic DNMs. In this paper, we show that both TE and TM surface modes can be supported at the surface of a suitably designed bianisotropic material without involving either negative permittivity or negative permeability, as schematically illustrated in Figure 1C , which represents a much more viable approach than with DNMs.
Results
Bianisotropy refers to a coupling between the electric and magnetic responses along orthogonal directions. The The copper solid represents copper and the light gray region is filled with dielectric material (F4BM) with relative permittivity ε = 2.2. The copper structure is identical to two splitring resonators, denoted by red and blue. The bianisotropic response can be understood from the field and current coupling between the two split-ring resonators. The periods in the x-, y-, and z-directions are P x = 4.67 mm, P y = 3 mm, and P z = 3 mm. Details of the parameters can be found in the CST file in Supplementary Information. constitutive equation in view of the coupling between electric and magnetic response is given by [29] 
where ε and μ are the permittivity and permeability, respectively, and ξ and ζ are the coupling coefficients between the electric and magnetic fields. In general, all the coefficients are 3 × 3 tensors when anisotropy is present. Assuming that both the permittivity and permeability tensors are diagonal and the coupling between the electric and magnetic field only exist in y-z direction, the constitutive parameters can be expressed as † 
Here we consider an interface in the y-z plane formed between a normal dielectric material (x > 0) and the bianisotropic material (x < 0) described above. The bianisotropic metamaterial possesses properties akin to those of a noble metal for the TM mode and of a ferromagnetic material for the TE mode. To better illustrate the importance of bianisotropy, we set ε xx = ε yy = ε zz = ε, μ xx = μ yy = μ zz = μ. (Note that this assumption will simplify the analysis but is not essential for achieving TE and TM modes simultaneously.) In addition, we consider the case where the surface plasmon propagates along a certain high-symmetry direction (y-axis), such that on each side of the interface each surface mode consists only of a single evanescent component. This is in contrast to case of the Dyakonov wave [30] supported at the interface between a normal dielectric material and an anisotropic dielectric material, where the surface mode consists of two evanescent components on each side of the interface, i.e. TE and TM components on the normal surface side, and ordinary and extraordinary components on the anisotropic material side. The complete expression for the TM and TE surface modes on two sides of interface can be obtained by solving the Maxwell equation [31] . With the continuity of the tangent electrical field and the tangent magnetic field, we obtain the following equations for the TE and TM surface modes [bianisotropic metamaterial (ε, μ, γ) and dielectric material interface ( . If γ = 0, the condition for supporting both the TE and TM surface plasmons requires both negative permittivity and permeability, i.e. a DNM.
Here we propose a realistic metamaterial [32] design for experimental realization of the bianisotropic metamaterial that will support both TE and TM surface modes. The unit cell of the metamaterial is schematically shown in Figure 1D , which is equivalent to a pair of orthogonal split-ring resonators denoted by red and blue. Each split ring is equivalent to an LC circuit, with the gap and loop acting as a capacitor and an inductor, respectively. The bianisotropic property can be understood from the fields and current distribution for an z-polarized incident wave acting on the blue one, where the excited electric current j z forms a magnetic dipole moment −im y , and vice versa [29] . The coupling between the electric and magnetic fields results in bianisotropy. By calculating the two lowest bulk modes of the unit cell using CST Microwave Studio and fitting the equi-frequency surface (EFS) [29] , we retrieve the effective parameters with ε = diag (5.89, 6.79, 6.79), μ = diag (1, 1.13, 1.13), and γ = 1.16 at 8.7 GHz. The EFS for the bianisotropic material at 8.7 GHz is illustrated in Figure 2A . It consists of two ellipsoids of opposite helicity states. The dashed blue lines show the EFS of the normal dielectric material with ε d = 5.4. By applying the boundary condition, i.e. matching the transverse components of the electric and magnetic fields across the interface, the dispersion of the surface modes can be numerically solved [31, 33] , which are very close to two of the interception points of the two ellipsoids. Figure 2B gives an enlarged view of the region indicated by the black rectangle in Figure 2A , in which the highlighted blue and red points represent the pure TE and TM surface modes, respectively.
The dispersion of the surface modes for the realistic structure is calculated by full-wave simulation using the Eigenmode Solver of CST Microwave studio (see Supplementary Material), as shown in Figure 3A . We use 16 bianisotropic meta-unit cells on one side and a dielectric material of thickness 16P x with ε = 5.4 on the other side. For the calculation of the dispersion along k z , we fix k y = 2.38k 0 , which is outside the bulk mode. The lowest two modes are the surface modes existing at the bianisotropic metamaterial/dielectric material interface. The highlighted blue point at the frequency of 8.73 GHz and red point at the frequency of 8.66 GHz in Figure 3A are the TE and TM surface modes, respectively. The corresponding magnetic energy E m and the z-component of magnetic field H z of the TM surface mode are shown in Figure 3B and C, respectively. The electric energy E e and the z-component of electric field E z of the TE surface mode are shown in Figure 3D and E, respectively. In both cases, we observe the confinement of the modes at the interface between the bianisotropic metamaterial and the dielectric material. It is also evident that the dominant field components for the two surface modes are TE and TM, respectively.
It should be noted that pure TM and TE modes exist in the lower and upper bands only along the k y direction (k z = 0), with the in-plane polarization of the two modes along the y-and z-axis, respectively. Away from this propagation direction, the surface modes are not pure TE and TM anymore, and they exhibit interesting spin texture along the surface arc. Numerically we calculate the in-plane polarization direction of the surface modes, as shown in Figure 4A . In addition, we calculate the Stokes parameters S3 based on the magnetic field and the electric field for the upper and lower bands, respectively. The Stokes parameters of the surface modes are illustrated in Figure 4B . At k z = 0, the Stokes parameters S3 equal zero, corresponding to pure TE and TM surface modes. The stokes parameter S3 increase rapidly away from k z = 0 and approximate to 1 on both ends, which may allow for spin-dependent excitation of the surface plasmons.
Conclusions
Both TE and TM surface modes are simultaneously supported at the interface of a bianisotropic metamaterial and a dielectric material. Comparing the dispersion relation of the surface modes, the bianisotropic metamaterial exhibits properties akin to those of a DNM, while the bianisotropic metamaterial is more likely realizable than DNM. 
